Cl-impermeability in cystic fibrosis (CF) tracheal epithelium derives from a deficiency in the fl-adrenergic regulation of apical membrane Cl-channels. To test the possibility that cAMP-dependent kinase is the cause of this deficiency, we assayed this kinase in soluble fractions from cultured airway epithelial cells, including CF human tracheal epithelial cells. Varying levels of cAMP were used in these assays to derive both a V.,, and apparent dissociation constant (Kd) for the enzymes in soluble extracts. The cAMP-dependent protein kinase from CF human tracheal epithelial cells has essentially the same Vx and apparent Kd as non-CF human, bovine, and dog tracheal epithelial cells. Thus, the total activity of the cAMP-dependent kinases and their overall responsiveness to cAMP are unchanged in CF.
Introduction
Cystic fibrosis (CF)' is an inherited disorder characterized by deficient Cl-permeability in epithelia, including those of the sweat gland duct (1) and the airways (2, 3) . Cl-impermeability in CF secretory epithelia probably reflects a deficiency in the f-adrenergic regulation of apical membrane Cl-channels. In the coil of the normal human sweat gland, fluid secretion is stimulated by methacholine and isoproterenol, but in individuals with CF, only methacholine stimulates (4) . In airway epithelium, f-adrenergic agents are potent stimulators of Cl-secretion, and cAMP serves as second messenger in this response (5) . Recent Ussing chamber studies show that Cl-secretion across human tracheal epithelial cells can be stimulated by isoproterenol, and by A23187 in the presence of Ca2 . With CF human tracheal epithelial cells, A23187 can elicit a response, but not isoproterenol (6) . Similarly, patch clamp studies of human tracheal epithelial cells demonstrate the presence of functional apical membrane Cl-channels in CF cells, but these channels fail to open in response to f-adrenergic stimulation (7, 8 Tracheal epithelial cells were grown on 60-mm dishes coated with human placental collagen as described previously (12, 13) . The cells were washed in PBS, scraped from the dishes with a rubber policeman, and centrifuged at 1,000 g. The pellet was resuspended in homogenization buffer and sonicated on ice for 1 min with a sonic dismembrator (Quigley Co., Inc., Rochester, NY), using the needle tip. Homogenization buffer consisted of 20 mM Tris/HCl, pH 7.5, 0.5 mM EGTA, 1.0 mM dithiothreitol, and three protease inhibitors in 0.1% NP-40, diluted into the buffer to give 2 mM benzamidine, 1 15 ,000 cpm/,ul. Timed 100-1l samples were removed and added to 4 ml of 5% TCA, 1.5% sodium pyrophosphate, and 1.0% sodium phosphate (monobasic). These precipitated samples were filtered on HATF 25 mm/0.45 jiM filters (Millipore/Continental Water Systems, Bedford, MA). The filters were washed eight times with 2 ml of the acid mixture, and their radioactivity was measured with an aqueous scintillation mixture in a scintillation counter. Control experiments showed that eight rinses were sufficient to reduce radioactivity from the reaction mixture to a level not more than twice the background level of 30 cpm. In the absence of cAMP, -1,000 cpm were transferred to the sample per minute. For the experiments with varying concentrations of cAMP, duplicate samples were taken at 6 min to determine the rate of phosphate incorporation into histone. Isobutylmethylxanthine (1 mM) was added to the reaction mixture of some preliminary experiments, but it had no significant effect on phosphorylation and was omitted from all histone kinase assays.
For phosphorylation of endogenous proteins, the same incubation conditions as just described were used, except protein concentration was 0.2 mg/ml, EGTA was 0.3 mM, isobutylmethylxanthine was 1 mM, -y-[32P]-ATP was 2.5 gM, 70 MCi/ml. Samples (100 Ml) were incubated for 2 min at 30'C. The reaction was quenched by the addition of25 ,l ofa solution of 100 mM EDTA, 100 mM NaF, and 5 mM ATP. Samples were chilled on ice, and 100 ,l each was passed through a G-50 Sephadex column (15) to remove radioactive ATP. A sample (64 Ml) of the void fraction was prepared and run on SDS-polyacrylamide gel electrophoresis using 10% acrylamide as described (16) .
Results and Discussion
Activity of the cAMP-dependent kinase was measured as the cAMP-stimulated incorporation of [32p]po4 from y-[32P]-ATP into the exogenous phosphate acceptor histone. Fig. 1 shows the results of the cAMP-dependent kinase assay for the highspeed supernatant fraction from dog tracheal epithelial cells. Incorporation of [32p]PO4 was dependent on the presence of both histone and cystosolic protein and was linear with time for at least 8 min even in the presence of supramaximal concentrations of cAMP (Fig. 1) .
Most of the cAMP-dependent kinase activity was found in the soluble fraction. For example, the pellet portion for human cells had a maximum of 15 pmol * mg-' * min-' activity, which was only a 10% increase over baseline phosphate incorporation for these experiments, and only 4% ofthe mean activity in the supernatants. This relatively low association of the kinase with the membrane fraction does not necessarily reflect the physiological distribution of the enzyme, because the association of the kinase with membranes can be affected by ionic strength ( 17) and possibly by metal chelators. Fig. 2 shows examples cAMP-dependent phosphorylation of endogenous proteins separated by SDS-PAGE. As expected from the data on histone phosphorylation, no cAMP-dependent kinase activity towards endogenous acceptors was present in the membrane fraction (lane C), whereas cAMP caused a very large increase in phosphorylation of supernatant proteins described for the pancreas ( 14) and for skeletal muscle (20) . In muscle, the exact Kd for cAMP depends on the concentration of ATP (+Mg2+) and of the phosphate acceptor. The Kap of -1.5 X 10-8 M observed here for 25 MM ATP falls above a Kd of 6 X 10-9 M given by Beavo (20) for cAMP binding in the absence of ATP and is considerably lower than the Kd of 6 X 10-M for kinase activity in muscle extracts in the presence of 125 uM ATP. Table I shows that the Kap for tracheal epithelial cells from all three species are very similar.
Similarly, Table I shows that the Vm. for cAMP-dependent kinase activity (normalized to supernatant protein) is also very similar for tracheal epithelial cells from the three species tested. The maximal activity seen in these tracheal epithelial cells (350-500 pmol -mg-' -min-') is higher than that reported for mouse pancreatic acinar cells, (100 pmol* mg-' * min-') (14) , and lower than that found for rabbit skeletal muscle (690 pmol * mg-' * min-') (21) .
Epithelial cells cultured from tracheas of patients with CF show normal protein kinase activity in response to cAMP. Fig.  3 shows that the dose-response curve for cAMP-dependent kinase activity in the CF cells follows very closely the activity in non-CF human cells. The mean Kap and Vmax (normalized to supernatant protein) from these experiments are also not significantly different from those for non-CF human cells (Table I) .
These data indicate that the predominant cAMP-dependent kinase activity is essentially the same in non-CF and CF tissue. However, these experiments do not distinguish between the different regulatory subunits or catalytic subunits (22) which may be present in trachea, nor do they consider the possible segregation of a subpopulation of holoenzyme into a subcellular compartment that may be critical to the regulation of Cl-secretion. For example, in cardiac myocytes (23) , the protein kinase that regulates glycogen hydrolysis is in the gly- cogen granules. In tracheal epithelium, isoproterenol acts from the serosal side of the tissue, thus activation of apical membrane Cl-channels must involve cytosolic messengers, and these may include the protein kinase itself. The specific holoenzyme that regulates Cl-secretion may, nonetheless, be associated with the plasma membrane or otherwise represent a small fraction of the total kinase activity. Whatever the composition of the holoenzymes in the trachea, the total catalytic activity is not affected in patients with CF. The overall sensitivity of cAMP-dependent protein kinase to cAMP is also unaffected in CF. These results suggest that if CF reflects a defect in the cAMP-dependent protein kinase, the isozyme involved represents a small fraction ofthe total. Alternatively, the deficient 13-adrenergic response in these cells may stem from a defect further down the regulatory chain that leads to the apical Cl-channel. Very little is known about this pathway, which may simply consist of the kinase acting directly on the channel or may involve one or more intermediary steps.
